Abstract: Inhibition of corrosion of tin in 0.6 M NaCl by some propaneitrile derivatives namely:
Introduction
Corrosion is a fundamental process playing an important role in economy and safety, particularly for metals and alloys. Tin is a moderately corrosion-resistant material widely used in industry in the production of tin cans, soft solders, bronze, and dental amalgam 1 . This metal is very suitable in many important applications, owing to its main properties such as low melting point, malleability, good resistance to corrosion and its non-toxic nature in the food pro-ceasing industry and environmental regulations. It was postulated that the extremely low corrosion rate was due to the presence of a thin, stable passive film that forms on the metal surface 2 . It is very important to add corrosion inhibitors to decrease the corrosion rate of the metals or alloys. The use of inhibitors is the most practical method of protection against corrosion, especially in acidic environments 3, 4 . Many organic compounds were tested and industrially applied as corrosion inhibitors, nontoxic are far more strategic now than in the recent past 5, 6 . For this reason, most of the electrochemical studies dealing
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with tin surface properties are devoted to the physical properties of these oxide layers. Indeed, tin oxides have been shown to behave as semiconductor materials. Depending on the pH of the solution and the potential for anodization, the stoichiometric composition of the oxide 7 . It has been commonly recognized that an organic inhibitor usually promotes formation of a chelate on a metal surface by electron transfer from the organic compound to the metal and forming a coordinate covalent bond during the chemical adsorption 8 . The inhibition mechanisms are (i) the inhibitor is adsorbed on the surface of the metal forming a compact protective thin layer and (ii) the inhibitor forms a precipitate on the surface of the metal, acting on the aggressive medium to form protective precipitates or remove aggressive agents. Some inhibitors act on the cathode (cathodic inhibitor) or on the anode (anodic inhibitor) or on both (mixed mechanism inhibitor) [9] [10] [11] . The unique advantage of the possibility of adding inhibitors is that the industrial process can be done without disruption. Organic corrosion inhibitors are useful when their addition in small amounts prevents corrosion. At higher concentrations of organic compounds an additional testing for environmental impact is required [12] [13] [14] . Most of the well-known acid inhibitors are organic compounds containing nitrogen, sulphur and oxygen atoms [15] [16] [17] [18] . The aim of the present study is to investigate the inhibitive effect of some investigated compounds on the corrosion of tin in 0.6 M NaCl solution using extrapolation of cathodic and anodic Tafel lines at different temperatures. The mode of adsorption and the corrosion inhibition mechanism are also discussed, as well as the calculated thermodynamic parameters.
Experimental
A rod of tin 99.99% Johnson Matthey was used as tin working electrode with an apparent surface area of 1 cm 2 was inserted into a Teflon tube so that only the flat surface was in contact with solution. Before each experiment, the electrode was abraded with a sequence of emery papers of different grades (600, 800 and 1200), washed with double distilled water and degreased with acetone. All chemicals used were of analytical grade reagents. The corrosive solution was 0.6 M NaCl and prepared using double distilled water. The experiments were carried out under non-stirred and naturally aerated conditions. The inhibitor solutions were prepared at different concentrations using dimethyl formamide (DMF) and ethanol solvents.
Inhibitors
The selected organic inhibitors used in this study were synthesized through procedures reported previously 19 . The structure formulae of inhibitors are shown Table 1 .
Methods

Potentiodynamic polarization measurements
Electrochemical experiments were performed in a conventional three electrode electrochemical cell at 25 °C with a platinum counter electrode and saturated calomel (SCE) as reference electrode. The working electrode was in the form of disc cut from the alloy under investigation, first was immersed into the test solution for 30 min to establish a steady state open circuit potential. The potentiodynamic current-potential curves were recorded by changing the electrode potential automatically from -0.50 mV to +0.50 mV with scanning rate of 5 mV s -1 . Corrosion potential (E corr ) and corrosion current densities (j corr ) were evaluated from intersection of the linear anodic and cathodic branches of Tafel plots and all of them were calculated in absence and presence of different concentrations of inhibitors. Experiments were always repeated at least three times. Degree of surface coverage () and inhibition efficiency (% IE) were calculated using equation (1) 20 . 
(1) where i corr and i' corr are the current densities in the absence and presence of inhibitor, respectively.
Electrochemical impedance spectroscopy (EIS) measurements
The cell and the apparatus used in electrochemical impedance spectroscopy (EIS) is the same as used in potentiodynamic polarization. After the determination of steady-state potential (30 min of exposure), the wave voltage 5 mV peak to peak, at frequencies between 100 kHz and 0.1 Hz were superimposed on the rest potential. All the potentials reported are referred to SCE. The impedance diagrams are given in the Nyquist and Bode representations. Experiments were always repeated at least three times. Degree of surface coverage () and % IE was calculated using the following equations:
where R' ct and R ct are the charge transfer resistance in the presence and absence of inhibitor, respectively. 
Electrochemical frequency modulation (EFM)
EFM measurements were performed with applying potential perturbation signal with amplitude of 10 mV with two sine waves of 2 and 5 Hz. The electrochemical studies were performed using Gamry Potentiostat/Galvanostat (Gamry PCI 300/4) with a Gamry framework system based on ESA300. Gamry applications include software DC105 for polarization, EIS300 for EIS and EFM140 for electrochemical frequency modulation measurements and Echem Analyst version 5.5 software packages for data fitting. The working electrode was immersed in the acid solution for 30 min in order to attain the steadystate (open circuit) potential before the electrochemical tests.
Results and Discussion
Potentiodynamic polarization measurements
The potentiodynamic polarization curves for tin in 0.6 M NaCl solutions containing different concentrations of compound (S11) at 25 ºC are shown in Figure 1 . Similar curves were obtained for other compounds. Potentiodynamic polarization parameter such as corrosion potential (E corr ), corrosion current density (i corr ) cathodic and anodic Tafel slope (β c and β a ), degree of surface coverage (θ), polarization resistance (R p ) and percentage inhibition efficiency (%IE) are summarized in Table 2 for the corrosion of tin in 0.6 M NaCl in the absence and presence of different concentration of inhibitors. The results show that the corrosion current (i corr ) decreases with increasing the inhibitor concentration and hence, the inhibition efficiency increases. The order of inhibition efficiency of investigated compounds is as follows: S11 > S12 > S13 > S14. A compound can be classified as an anodic-or cathodic-type inhibitor when the change in the E corr value is larger than 85 mV 21 . Since the largest displacement exhibited by these inhibitors was 44 mV at 25 ºC (Table 2 ). It may concluded that these molecules should be considered as a mixed-type inhibitor, meaning that the addition of these inhibitors to 0.6 M NaCl solution reduces both the anodic dissolution of tin and also to retards the cathodic hydrogen evolution reaction. Adsorption is the mechanism generally accepted to explain the E, mV vs. SCE Log i, mA cm -2 inhibitory action of corrosion inhibitors. The adsorption of inhibitors can affect the corrosion rate in two ways: (i) by decreasing the available reaction area, the so called geometric blocking effect and (ii) by modifying the activation energy of the cathodic and/or anodic reactions occurring in the inhibitor-free metal in the course of the inhibited corrosion process. It a difficult task to determine which aspects of the inhibiting effect are connected to the geometric blocking action and which are connected to the energy effect. Theoretically, no shifts in E corr , should be observed after addition of the corrosion inhibitor if the geometric blocking effect is stronger than the energy effect 22 . No change observed in E corr values upon addition of inhibitors indicates that geometric blocking effect is smaller, although the energy effect cannot be ignored. 
Electrochemical impedance spectroscopy (EIS) measurements
Electrochemical impedance spectroscopy (EIS), is a powerful technique in studying corrosion mechanisms and adsorption phenomena 23 . This technique enables the simulation of the experimental impedance results to theoretical data according to proposed electrical models representing the metal/solution interface. The fitting of the data can verify or role out mechanistic models and enables the calculation of numerical values corresponding to physical and/or chemical properties of the system under investigation 24, 25 . Figure 2 shows the Nyquist plot for tin in 0.6 M NaCl in the absence and presence of different concentrations of compound (S11) at 25 °C. This diagram has a semicircle appearance; it indicates that the corrosion of tin is mainly controlled by a charge transfer process. The high frequency limit corresponds to electrolyte resistance R Ω , while the low frequency limit represents the sum of (R Ω + R p ) where R p is the first approximation determined by both the electrolytic conductance of the oxide film and polarization resistance of the dissolution and passivation process. The experimental impedance values were fitted to a simple equivalent circuit model consisting of a parallel combination representing the electrode capacitance, C dl and the corrosion resistance, R ct , in series with a resistor, R s , representing the ohmic drop in the electrolyte. The equivalent circuit parameters were calculated and presented in Table 3 . 
Electrochemical frequency modulation (EFM) measurements
The EFM is a nondestructive corrosion measurement technique that can directly give values of the corrosion current without prior knowledge of Tafel constants. Like EIS, it is a small signal ac technique. Unlike EIS, however, two sine waves (at different frequencies) are applied to the cell simultaneously. Intermodulation spectra obtained from EFM measurements in absence and presence of compound (S11) is presented in Figures 3a & 3b as an example of tin in 0.6 M NaCl and in presence of 13x10 -6 M S11at 25 o C respectively. Each spectrum is a current response as a function of frequency. The two large peaks are the response to the 2 Hz and 5 Hz excitation frequencies. These peaks are used by the EFM 140 software package to calculate the corrosion current and Tafel constants. Table 4 . From it, the corrosion current densities decrease by increasing the concentration of inhibitors and hence, inhibition efficiency increases. The causality factors in Table 4 are very close to theoretical values which according to EFM theory should guarantee the validity of Tafel slopes and corrosion current densities. Values of causality factors in Table 4 indicate that the measured data are of good quality 26 . The standard values for CF-2 and CF-3 are 2.0 and 3.0, respectively. The deviation of causality factors from their ideal values might due to the perturbation amplitude was too small or the resolution of the frequency spectrum is not high enough also another possible explanation that the inhibitor is not performing very well. It can be seen that the inhibition efficiency is in the order: S11 > S12 > S13 > S14. 
Adsorption isotherm
The investigated compounds inhibit the corrosion by adsorption at the metal surface. Theoretically, the adsorption process has been regarded as a simple substitutional process, in which an organic molecule in the aqueous phase substitutes an y number of water molecules adsorbed on the metal surface 23 . Theoretically, the adsorption process can be regarded as a single substitutional process in which an inhibitor molecule, L inh , in the aqueous phase substitutes an "x" number of water molecules adsorbed on the metal surface 27 .
Where x is known as the size ratio and simply equals the number of adsorbed water molecules replaced by a single inhibitor molecule. The adsorption depends on the structure of the inhibitor, the type of the metal and the nature of its surface, the nature of the corrosion medium and its pH value, the temperature and the electrochemical potential of the metalsolution interface. Also, the adsorption provides information about the interaction among the adsorbed molecules themselves as well as their interaction with the metal surface. It is essential to know the mode of adsorption and the adsorption isotherm that fits the experimental results. Many attempts have been made to fit the surface coverage data to different adsorption isotherms. The adsorption of these investigated compounds on the tin surface was found to obey the Freundlich adsorption isotherm (Figure 4 ), according to:
Where C is the equilibrium concentration of the investigated compounds, n is a constant depending on the characteristics of the adsorbed molecule, where 0 < n < 1, K ads is the equilibrium constant for adsorption/desorption process and θ is the fraction of the surface coverage 28 . K ads is related to the free energy of adsorption, ∆Gº ads , according to:
Where C solvent is the molar concentration of the solvent, which is 55.5 M -1 for aqueous solutions. This linear relation can be used for the calculation of the values of both K ads and n for the investigated inhibitors. Also it is found that the kinetic thermodynamic model of El-Awady et al., 29 is fit well to the experimental data of tin in the presence of varying concentrations of tested compounds in 0.6 M NaCl. The adsorption isotherm relationship is represented by the following equation:
Log (Ө/ 1-Ө) =log K' + y log C (8) Where y is the number of inhibitor molecules occupying one active site, K = K'
(1/y) and 1/y is the number of adsorbed water molecules replaced by one molecules of organic inhibitor.
Application of kinetic-thermodynamic equation yields a straight line with slope of y and intercept of log K' illustrated in Figure 5 . The results in Table 5 show the values of ΔG°a ds, K ads and 1/y obtained from El-Awady et al. and Freundlich adsorption isotherm. Inspection of Table 5 shows that the number of active sites is nearly constant and approximately equals one, this behavior can be discussed on the basis that the adsorption process takes place by the occupation of one active site per single inhibitor molecules. Also, the equilibrium constant (K ads ) decreases in the order: S11 > S12 > S14 > S15. Large values of K ads mean better inhibition efficiency of a given inhibitors, i.e., strong electric interaction between the double layer existing at the phase boundary and the adsorbing molecules. The values of ΔG°a ds are large and acquire negative sign indicating that the adsorption reaction is proceeding spontaneously and accompanied with a high efficient adsorption for such compounds.
According to Freundlich model, the data Table 5 indicate that the value of (K ads ) decreases in the order: S11 > S12 > S13 > S14. It is seen that there is a good agreement between the values of (K ads ) and (ΔG°a ds ) obtained from the kinetic model and Freundlich model isotherm. 
Effect of temperature
In order to gain more information about the type of adsorption and the effectiveness of the studied inhibitors at higher temperatures, polarization was performed at different temperatures (30-50 ºC) for tin in 0.6 M solution of NaCl without and with selected concentrations of the studied inhibitors. The data indicate that the inhibition efficiency slightly decreases with increasing temperature for all investigated inhibitors. A plot of (log j corr vs. 1/T) gives straight lines with slope E a /2.303 R. The intercept be A. Figure 6 represents the relation between log (rate) and reciprocal of the absolute temperature of tin in 0.6 M solution of NaCl in the presence and absence of investigated compounds. The values of E * a are given in Table 6 . Data of this Table reveal high activation energies for the inhibition process by different compounds, indicating their higher protective efficiency 30 . An experimental dependence of Arrhenius-type equation on temperature is observed between the corrosion rate and temperature.
i corr = A exp(-E a /RT) (9) Where i corr is the corrosion current density, A is the extrapolation factor, E a is the activation energy, R is the gas constant and T is the absolute temperature. It is clear that the activation energy increases with increasing the efficiency of the investigated compounds in the following order: S11 > S12 > S13 > S14. Such behavior is attributed to the formation of energy barrier, due to the adsorption of the inhibitors on the alloy surface forming a film. This is another pointer to inhibitor physisorption. Figure 7 shows a plot of log (i corr /T) against (1/T) straight line are obtained with a slope of (-ΔH * /2.303R) and intercept of (log R/Nh + ΔS * /2.303R) from which the value of ΔH * & ΔS * are calculated and are given in Table 5 . From Table 5 it is clear that the positive value of ΔH * reflects the endothermic nature of dissolution process. The Table also, shows that the presence of the inhibitor produces higher values for ΔH * than those obtained for the uninhibited solution. This indicates higher protection efficiency. This may be attributed to the presence of an energy barrier for the reaction, that is, the process of adsorption leads to a rise in enthalpy of the corrosion process. In addition, the values of ΔS * are large and negative. This implies that the activated complex in the rate determining step represents association rather than dissociation meaning that a decrease in disordering takes place on going from reactants to activated complex and the increase in the system ordering 32, 33 .
Theoretical studies
To investigate the effect of ring structure on the inhibition mechanism and efficiency some quantum chemical calculations were performed. Geometric and electronic structures of the inhibitors were calculated by optimization of their bond angles and bond lengths. The optimized molecular structures of the inhibitors are given in Figure 8 . Highest occupied molecular orbital E HOMO and lowest unoccupied molecular orbital E LUMO energies, E LUMO -E HOMO energy gap (∆E) and dipole moment,µ, are given in Table 7 .
Compd. HOMO LUMO S11 S12 S13 S14 Figure 8 . Optimized HOMO and LUMO structures of some propaneitrile derivatives are likely to indicate a tendency of the molecule to donate electrons to appropriate acceptor molecules with low energy, empty molecular orbitals. Therefore, the energy of the lowest unoccupied molecular orbitals indicates the ability of the molecule to accept electrons. The lower the value of E LUMO , the most probable it is that the molecule accepts electron 34 . The percent inhibition efficiencies increase if the molecules have higher or less negative HOMO energies. The highest values of the HOMO density were found in the vicinity of sulphur and nitrogen atoms, clearly indicating the nucleophilic center is the sulphur and nitrogen atoms Figure (8) . Table (7) shows the calculated values of dipole moment, µ, of the studied molecules. Highest dipole moment values were observed with compound S11. Other authors state that the inhibition efficiency increases with increasing value of the dipole moment 35 but on the other hand, a survey of literature reveals that irregularities appeared in the case of correlation of dipole moment with efficiency 36 . Also, from this Table the value of ΔE decreased when increasing the inhibition efficiency indicating that the more of inhibitors, the stronger interaction between inhibitors and metal surface. Thus, the interactions are probably physical adsorption, and the interactions between the inhibitors and the metal surface might be ascribed to the hyper conjugation interactions-π stacking 37 . As gathered from the higher values of E HOMO , dipole moment and the lower values of E LUMO the order on inhibition efficiency is as follows: S11 > S 12 > S13 > S14.
Conclusion
We studied the inhibitor action of investigated propanenitrile derivatives on corrosion of tin in 0.6 M NaCl depending on effect of temperature. We obtained the following conclusions: (1) Based on the Tafel polarization results, the % IE of investigated propaneitrile derivatives is found to decrease with increasing temperature, and its addition to 1M HCl leads to an increase of apparent activation energy (E * a ) of the corrosion process. (2) The corrosion process is inhibited by the adsorption of propanenitriles derivatives on tin surface. This adsorption fits a Freundlich isotherm model. Thermodynamic adsorption parameters show that propanenitriles derivatives are adsorbed on tin surface by an exothermic and spontaneous process. (3) The calculated values of ΔG o ads corroborate that the adsorption mechanism of propanenitriles derivatives on tin surface in 0.6 M NaCl solution is mainly due to physisorption. (4) At temperatures higher than 30•C, these inhibitors are not efficient to control the corrosion of tin in 0.6 M NaCl at the concentration range studied.
